Vaccinia virus (VV) is a large DNA-containing animal virus that replicates within the cytoplasm of infected host cells. It is the prototype member of the orthopoxvirus family and the approximately 185 kb VV DNA molecule encodes in the order of 200 different viral proteins (Essani & Dales, 1979) . As with other viruses which require the cleavage of precursor proteins (or polyproteins) to complete their infectious life cycle, e.g. members of the Retroviridae and Picornaviridae families (McCune et al., 1988; Palmenberg, 1987) , proteolytic maturation of at least three major structural proteins (4a, 4b and 25K) is essential for the formation of mature infectious VV progeny; they constitute 14, 11 and 7~, respectively, of the virion by mass (Sarov & Joklik, 1972) . The nascent P4a, P4b and P25K precursor proteins are highly expressed at late times during VV infection (after DNA replication), thereby facilitating the use of reverse genetic procedures to map the parental genes. Hybrid-selected and hybrid-arrested cell-free translation methods have been previously employed to map the genes encoding P4a and P4b precursors to the left-hand portion of the HindlII A fragment of the VV genome, as shown in Fig. 1 (Wittek et al., 1984; Rosel & Moss, 1985) . The two open reading frames (ORFs) have been sequenced and are predicted to encode polypeptides of 891 (P4a) and 643 (P4b) amino acids in length (Rosel & Moss, 1985; Van Meir & Wittek, 1988) . The predicted Mrs of the P4a and P4b precursors (102.3K and 72-5K, respectively) are slightly larger than the observed Mrs (95K and 65K, respectively) of SDS-PAGE analysed proteins. The reason for this apparent discrepancy is not known. The P25K gene has been mapped within the HindllI L fragment, sequenced and shown to encode a 251 amino acid polypeptide with a predicted Mr of 28K ( Fig. 1 ; Weir & Moss, 1985) . Unlike P4a and P4b, the apparent size of the P25K protein is in close agreement with its predicted Mr. The relationships between the core proteins and their precursors have previously been established by tryptic peptide mapping, pulse-chase analysis and immunological assays (Katz & Moss, 1970a, b; Moss & Rosenblum, 1973; Rosel & Moss, 1985; Sarov & Joklik, 1972; Weir & Moss, 1985; Yang et al., 1988) . The cleavage of the P4a, P4b and P25K precursor proteins during VV morphogenesis is apparently an obligatory reaction, because drugs that inhibit cleavage, either directly or indirectly [e.g. rifampicin (Katz & Moss, 1970b; Moss & Rosenblum, 1973; Miner & Hruby, 1989) , a-amanitin (Villarreal et al., 1984) , nicotinamide (Child et al., 1988) or isatin-fl-thiosemicarbazone (Katz et al., 1973) ], block virus replication, suggesting that proteolytic processing plays a key role in poxvirus development. Very little is known concerning the pathways, biochemistry or mechanisms by which the VV core protein precursors P4a, P4b and P25K undergo proteolytic maturation during infection.
To define the kinetics of proteolytic processing of P4a, P4b and P25K, BSC40 cells were infected at an m.o.i, of 10, pulse-labelled for 30 rain with [35S]methionine at 4 h post-infection (p.i.), and chased with a 100-fold excess of unlabelled methionine for brief time intervals (Hruby et 
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Short communication 7) with a 100-fold excess of unlabelled methionine. The labelled infected cells were harvested and cytoplasmic extracts were prepared in buffer containing 2~ SDS plus 20 ixg/ml PMSF. The extracts were analysed on a 10% SDSpolyacrylamide gel that was subjected to fluorography and exposed to X-ray film. (b) Effect of protein synthesis inhibition on VV core protein processing. Eight hours after the start of a synchronous VV infection, BSCao cells were pulse-chase-labelled as in (a). Lanes 1 to 4, 0, 4, 8 and 24 h chase with a 100-fold excess of methionine; lanes 5 to 8, 0, 4, 8 and 24 h chase with excess methionine and 100 ~tg/ml cycloheximide. The extracts were analysed on a 10~ SDS-polyacrylamide gel that was subjected to fluorography and exposed to X-ray film.
al., 1979). A fluorograph (Bonner & Laskey, 1974) of the labelled proteins present at each chase time, separated on a 10% acrylamide-SDS gel (Studier, 1973) , revealed that proteolytic maturation to 4a, 4b and 25K does not occur rapidly (Fig. 2a) . Rather, there is a delay of almost 30 to 45 min after synthesis o f the precursors before any appreciable proteolysis occurs. To determine whether the rate of proteolysis varied during infection, the experimental protocol was repeated with the period of pulse-labelling being from 6 to 6-5 h p.i., followed by chase periods of brief duration. N o appreciable differences in the rate o f virion core maturation between 4 and 6 h p.i. were observed. Similar experiments carried out at even later times in VV infection gave the same results (data not shown).
To determine whether proteolytic processing of the VV core proteins could proceed in the absence of de novo protein synthesis, VV-infected cells were pulse-labelled at 8 h p.i. and chased for periods of up to 24 h in the presence or absence of cycloheximide (a protein synthesis inhibitor), after which the pattern of labelled polypeptides was analysed by S D S -P A G E (Fig. 2b ). As expected, during normal pulse-chase labelling, P4a, P4b and P25K were present in the pulse extract but disappeared in the chase extracts, coincident with the appearance of 4a, 4b and 25K. However, if cycloheximide had been added to the medium at the beginning of the chase period, proteolytic processing of all three precursor proteins was inhibited throughout the 24 h time span. At late times during viral infection, host protein synthesis is severely reduced by the VV infection, therefore the requirement for protein synthesis suggests a need for the expression of a virus-encoded protein (or proteins). It was also of interest to note that most of the VV late proteins labelled under these conditions were stable for 24 h either in the presence or absence of cycloheximide. However, as can be seen in Fig. 2(b) , there is a 20K protein which is an exception to this rule. This protein disappeared rapidly regardless of whether protein synthesis was ongoing. The reason for the selective breakdown of this protein is not apparent at present.
The considerable lag between the synthesis and processing o f the VV core protein precursors is somewhat surprising considering that proteolytic processing in m a n y other viral systems occurs quite rapidly. For example, in the case of poliovirus the nascent polypro-tein is cleaved between the P1 and P2 junctions even before synthesis of the polyprotein is completed (Kr~iuss-lich & Wimmer, 1988) . There are several hypotheses to explain the delay in processing of the VV core protein precursors. First, it is possible that the VV core proteins are synthesized prior to the synthesis or activation of a virus-encoded proteinase. However, the fact that the lag in processing is observed regardless of whether pulsechase labelling is conducted at 4 or 6 h p.i. argues against this possibility. Secondly, the nascent VV core protein precursors may not be competent substrates for processing, requiring either interaction with a chaperonin for proper folding (Rothman, 1989) or perhaps one or more post-translational modifications to achieve their active conformation. In support of this latter notion is the work of Child et al. (1988) which provides evidence that the VV core proteins are apparently substrates for ADPribosylation reactions. Finally, it is possible that the individual VV core protein precursors by themselves are not suitable substrates for cleavage. Perhaps assembly into an immature virion is required to achieve the correct conformation, or to bring the proteinase and substrates together in the correct context. There are several lines of experimental evidence supporting the hypothesis of 'contextual processing'. It is well recognized that a variety of conditions which interfere with virion maturation block core protein cleavage, including a variety of drugs (e.g. rifampicin; Katz & Moss, 1970b) , physical treatments (e.g. enucleation ; Hruby et al., 1979) and conditional-lethal mutants (Thompson & Condit, 1986 ; J. K. VanSlyke & D. E. Hruby, unpublished results). Because the reversal reaction occurs quite rapidly, it can be argued that the core protein precursors must have existed within the immature particles in an uncleaved form prior to drug reversal. The second line of evidence comes from the observation that VV core protein precursors produced in cell-free systems are not processed by enzymes present in the cell-free system, cotranslated from other late VV messages, or exogenously added in extracts from VV-infected cells which would be expected to contain fully functional proteinases (Silver & Dales, 1982; D. E. Hruby, unpublished data) .
Since the predicted amino acid sequences of the P4a, P4b and P25K precursor proteins were available, it was of interest to locate the potential sites of precursor protein cleavage as an initial step towards a molecular genetic examination of the proteolytic maturation of the VV core proteins. Therefore, the mature 4a, 4b and 25K proteins were isolated from purified virions and subjected to N-terminal microsequence analysis. The procedures reported by Yuen et al. (1986, 1988) were followed except that the acrylamide gels were prerun and run at 6 mA and 14 mA, respectively, and equilibrated for 30 to 60 min in electroblotting buffer prior to transfer to membranes. Proteins were visualized by staining with 1 ~ Ponceau S (Salinovich & Montelaro, 1986) , excised from the membrane and subjected to automated Edman degradation in a gas phase cartridge system. The results obtained are shown in Fig. 3(a) , identifying the amino terminus of 25K as residue 33 of the P25K sequence and the amino terminus of 4b as residue 62 of the P4b sequence. The decrease in approximate Mr due to the loss of 32 or 61 amino acid residues from the N terminus of P25K or P4b respectively, corresponds with the shift in migration observed by SDS-PAGE following proteolytic processing. The fate and potential biological function of the small proteins released is not yet known. Our identification of the N terminus of 25K is in agreement with the recent work of Yang et al. (1988) , which identified the N terminus of VV VP8 (proposed to be the same protein as 25K). Despite several efforts using different sequencing strategies, N-terminal sequence data for 4a were not obtained, suggesting that the N terminus of this protein may be blocked; further analysis is needed to confirm this result.
Comparison of the predicted amino acid sequences within the P4b and P25K precursors which surround the derived N-termini of the mature 4b and 25K proteins revealed the presence of a highly similar motif (Fig. 3 b) . The N termini of both cleavage products were found within a conserved Ala-Gly-Ala tripeptide, with the predicted cleavage site occurring at the Gly-Ala bond. Other identical residues were found upstream at positions -8, -12 and -14, a region that is usually important in substrate recognition by a proteinase (Wellink & van Kammen, 1988) suggesting that it may be part of a potential cleavage recognition site. Furthermore, many of the residues occupying other positions (-17, -16, -15, -13, -11, -5, -4 , +2, +3, +4and +7) within this region of the two sequences are structurally related in size and polarity, suggesting that this region might adopt a similar conformation in each precursor. In view of the failure to obtain amino acid sequence from purified 4a protein, it is of interest to note that the predicted amino acid sequence of the P4a precursor did not contain the conserved Ala-Gly-Ala tripeptide motif.
As an approach to determine which of the residues within the conserved P4b/P25K motif identified in Fig.  3 (b) was likely to be biologically relevant, the predicted amino acid sequences from this region of the homologous P4b and P25K genes from a distantly related avipoxvirus, fowlpox virus (FPV), were compared to that of the orthopoxvirus VV. Binns et al. (1989) reported the sequence of F4b, an FPV core polypeptide that has 52~ similarity at the amino acid level with VV P4b. Interestingly, the 657 amino acid FPV protein (644 amino acids for VV P4b) contains a single Ala-Gly-Ala sequence spanning residues 60 to 62 relative to the N terminus. Likewise, FP5 was shown by Binns et al. (1988) to have 33~ similarity with the VV-encoded F5 protein, a polypeptide previously identified as P25K (Weir & Moss, 1985) . FP5 (labelled in Fig. 3c as FPV P25K) is a 253 amino acid protein (251 amino acids for VV P25K) with an Ala-Gly-Ala motif located at residues 30 to 32. The alignment of the regions of predicted amino acid sequence flanking the Ala-Gly-Ala tripeptide from all four precursor polypeptides is shown in Fig. 3 (c) . The striking feature is the absolute conservation of the AlaGly-Ala signal which occurs at precisely the same position in both the P4b and P25K homologues of VV and FPV, suggesting that these residues are critical and essential for cleavage to occur. In contrast, positions -8, -12 and -14, which are conserved between the VV P4b and P25K proteins, are not conserved in the FPV proteins, suggesting that they are of less importance in determining cleavage site selection. There are no other strict conservations between all four sequences in the region shown but there are some similarities. The residues at positions + 2 and + 7 are always basic amino acids (Arg or Lys). This suggests that other residues beyond the Ala-Gly-Ala motif may be involved at some level in determining the secondary and tertiary structure of the precursor proteins necessary for authentic cleavage to occur. It remains, of course, to be experimentally verified whether the endpoints determined in this study represent endoproteolytic cleavage points or whether these termini have been generated by a combination of endo-and exoproteolytic reactions, such as those that occur during the maturation of neuropeptide precursors (Douglass et al., 1984) . A detailed, directed genetic approach, such as that which has been elegantly employed to study the processing of the tobacco etch virus polyprotein (Dougherty et al., 1989) , will be required to identify which of the amino acid residues surrounding the proposed cleavage site contribute to the specificity and efficiency of cleavage reactions in vivo.
When the predicted amino acid sequences of all VV genes present in the data banks were searched for the presence of an Ala-Gly-Ala motif, three occurrences were noted: the 32.5K host-range factor (Gillard et al., 1986) , the DNA polymerase gene (Earl et al., 1986) and the palmitated 37K protein associated with extracellular enveloped virions (Hiller & Weber, 1985; Hirt et al., 1986) . To date, none of these three proteins has been reported to undergo proteolytic processing during infection. Since the 32.5K and DNA polymerase proteins are both early proteins, they might not be expected to be processed by a viral proteinase proposed to be expressed at late times. This does raise the possibility that these proteins could be cleaved at late times as part of a potential regulatory mechanism. Interestingly, the 37K protein is expressed late in VV infection. However, the Ala-Gly-Ala signal is located at positions 8 to 10 within the predicted ORF so that if the N-terminal nine amino acids were clipped off it probably would not be evident on the basis of migration in a polyacrylamide gel.
Given the coordinate synthesis, similar location and apparently similar function of the three major core proteins, it was most surprising to discover that the 4a protein could not be sequenced under the same conditions as 4b and 25K (suggesting that it may be blocked in some manner) and that the P4a precursor lacks any apparent Ala-Gly-Ala signals. There would seem to be two possible explanations for this. First, the P4a protein may be processed by a different mechanism that utilizes a different proteinase(s). A second possibility is that P4a is processed by the same pathway as P4b and P25K but at sites which are less efficiently cleaved. Support for this hypothesis can be drawn from the fact that cleavage of the P4a precursor appears to proceed at a slower rate than that of the P4b and P25K precursors in vivo (Fig.  2a) . With that in mind, the predicted amino acid sequence of the P4a precursor was searched for the sequence Ala-Gly-X and three signals were found, AlaGly-Asn (residues 94 to 96), Ala-Gly-Ser (residues 613 to 615) and Ala-Gly-Thr (residues 696 to 698). If cleavage were to occur at all three sites within the P4a precursor, an internal polypeptide of approximately the correct size would be released. Immunological reagents corresponding to various portions of the P4a precursor are currently being generated to confirm this hypothesis.
The nature and identity of the proteinases that are responsible for the processing of the VV core proteins remain open. The possibilities include cellular enzymes, virus-encoded enzymes, autocatalytic mechanisms, or a combination of all three. None of the data presented here addresses this issue. Experiments currently in progress have been designed to address this question as well as to define both the primary, secondary and tertiary factors that specify cleavage site selection within the VV core protein precursors, and the biological significance of the cleavage reactions within an infected cell.
